Cilia are multifunctional organelles that are constructed using intraflagellar transport (IFT) of cargo to and from their tip. It is widely held that the retrograde IFT motor, dynein-2, must be controlled in order to reach the ciliary tip and then unleashed to power the return journey. However, the mechanism is unknown. Here, we systematically define the mechanochemistry of human dynein-2 motors as monomers, dimers, and multimotor assemblies with kinesin-II. Combining these data with insights from single-particle EM, we discover that dynein-2 dimers are intrinsically autoinhibited. Inhibition is mediated by trapping dynein-2's mechanical 'linker' and 'stalk' domains within a novel motor-motor interface. We find that linker-mediated inhibition enables efficient transport of dynein-2 by kinesin-II in vitro. These results suggest a conserved mechanism for autoregulation among dimeric dyneins, which is exploited as a switch for dynein-2's recycling activity during IFT.
A major question in structural cell biology is how micrometer-scaled organelles are constructed and maintained. Cilia, also known as eukaryotic flagella, are multifunctional organelles that emanate from almost all cell types in the human body and many other eukaryotes 1 . Nonmotile cilia serve as 'signaling antennae' in processes as diverse as morphogenesis, mechanosensation, and olfaction 2 . Motile cilia beat with a wave-like motion essential for numerous propulsive functions 3 . Severe congenital disorders are caused by defects in cilia 3 , igniting interest in the mechanisms of ciliary assembly 4 .
The basis for the formation and maintenance of cilia is a conserved motor-protein-driven process, called intraflagellar transport (IFT) 5 . Cilia are supported by an axoneme of nine microtubule doublets ( Fig. 1a) . During assembly, cilia elongate from their distal tip 6 . IFT is a bidirectional transport system that moves ciliary components synthesized in the cytoplasm to the tip of the cilium, and returns products to the cell body. Cargoes of IFT include both structural components, such as tubulin, and functional components, such as G-protein-coupled receptors 1,2,7-9 .
IFT is powered by ATP-fueled motors that move along the outer surface of the microtubule doublets. The principal motor driving anterograde movement to the ciliary tip is heterotrimeric kinesin-II (Kif3 in humans), augmented by a homodimeric kinesin-II in some cilia 10 . Kinesin-II motility is beginning to be understood in detail [10] [11] [12] [13] . Universally, retrograde IFT is driven by dynein-2, also known as dynein-1b or IFT dynein [14] [15] [16] [17] [18] ,which is the subject of this study. Dynein-2 is a dimer of two ~0.5-MDa heavy chains, each of which possesses a motor domain, together with several associated chains 19 (Fig. 1a) . Its closest relative is cytoplasmic dynein-1, the major motor driving transport to microtubule minus ends in the cytoplasm 20 . Despite rapid progress in dynein-1 research 21, 22 and advances in defining dynein-2 composition [23] [24] [25] , the motility and regulation of dynein-2 in IFT are poorly understood.
Indeed, unlike cytoplasmic transport, for which detailed models are emerging for some cargo types, relatively little is known about the motor mechanisms involved in IFT. Notably, IFT differs from cytoplasmic transport in several striking ways. First, dynein-2 and kinesin-II are integrated into long (~220 nm) linear arrays termed 'IFT trains' containing multiple copies of each motor 26, 27 , in contrast to the small groups of membrane-bound motors typical of cytoplasmic transport 28 . Second, rather than stochastic backand-forth switches in direction characteristic of cytoplasmic transport, the activity of dynein-2 and kinesin-II is highly coordinated: IFT trains travel to the tip of the cilium (kinesin direction) then return to the base (dynein direction) in an apparently deterministic fashion 28 . Finally, rather than involving conventional regulators of cytoplasmic dynein-1 motility, such as dynactin, Lis1, and Nudel 22, 24 , the factors controlling dynein-2 motility are mysterious.
The nature of dynein-2 motility itself is also unclear, a situation compounded by the challenges of working with the large dynein-2 mechanoenzyme in vitro. Rapid retrograde IFT has been observed in living cells with velocities ranging from 140 to 7,400 nm/s 29 . However, in vitro assays with a partial dynein-2 complex yielded slow movement at ~70 nm/s 30 , raising the question of how fast movement is elicited in vivo.
Structural information is available for dynein-2's motor domain in monomeric form 31 , revealing a classic dynein subdomain organization (Fig. 1a) . The catalytic core is a ring of six AAA+ modules, of which AAA1 is the main ATPase site. Microtubule binding occurs at the tip of an antiparallel coiled-coil 'stalk' . A C-terminal domain (CTD) lies on one face of the ring. Opposite, lies dynein's mechanical element, the 'linker' domain, which arches from AAA1, over the ring, and connects to the dimerizing N-terminal tail. The linker undergoes a nucleotide-dependent power stroke [32] [33] [34] , involving a bentto-straight transition, which is thought to transmit force between a r t i c l e s the two motor domains and to cargo 31, [35] [36] [37] . It is widely held that dynein-2 force generation must be regulated in time and space in order for the complex to move as a passenger to the ciliary tip, before powering return transport in the opposite direction 1 . How dynein-2 mechanochemistry is regulated is unknown.
In this work, we systematically define the motile properties of human dynein-2 motor domains as monomers, dimers, and multimotor assemblies with kinesin-II. Integrating these data with structural insights from EM, we find that dynein-2 dimers are intrinsically autoinhibited. Rather than involving the CTD, which was previously implicated in dynein-1 autoregulation 38 , inhibition is mediated by trapping of dynein-2's mechanical linker and track-binding stalk within a novel motor-motor interface. Inhibited dynein-2 dimers are efficiently transported by kinesin-II in vitro, whereas disrupting linker-mediated interaction activates dynein-2 and retards anterograde transport. These findings suggest a conserved basis for autoregulation among dimeric dyneins, which is co-opted as a switch for dynein-2's recycling activity in IFT.
RESULTS

Mechanochemistry of the dynein-2 motor domain
A foundation for understanding the mechanisms of other cytoskeletal motors has been a robust source of purified protein. To dissect the action and regulation of dynein-2, we used insect cells to express a human monomeric dynein-2 motor domain 31 (Dyn2 motor ) with a SNAP f tag at its amino terminus (Fig. 1b) . The SNAP f tag enabled covalent labeling of Dyn2 motor with a variety of ligands (bright fluorophores, biotin, or DNA oligonucleotides), which we used for singlemolecule visualization, surface immobilization, and attachment of the motor to DNA origami structures, respectively. Dyn2 motor was separated from excess ligand using size-exclusion chromatography ( Fig. 2a) , yielding purified ( Fig. 2b) monomeric protein ( Fig. 2c) .
To determine the motile properties of Dyn2 motor , we biotinylated it and attached it to a neutravidin-coated surface. Upon addition of microtubules and ATP, Dyn2 motor powered fast gliding of microtubules as visualized by TIRF microscopy ( Fig. 2d and Supplementary Video 1) . Notably, the velocity of microtubule gliding varied depending on the surface density of Dyn2 motor . Movement was rapid (524.0 ± 7.5 nm/s; ± standard error of the fit, here and elsewhere unless specified) at high input concentrations of Dyn2 motor (>20 nM), and decreased gradually as the surface density was lowered ( Fig. 2e ). This concentration relationship indicates that fast microtubule movement is a property of Dyn2 motor ensembles. Indeed, at intermediate Dyn2 motor concentrations, longer microtubules were translocated faster than short ones ( Supplementary Fig. 1a,b ), suggesting that the number of motors interacting per microtubule is the critical parameter influencing velocity.
Enzymatically, Dyn2 motor hydrolyzed an average of 1.3 ± 0.1 ATPs per second. This basal rate was stimulated by microtubules to yield a k cat of 4.8 ± 0.9 ATPs per second (Fig. 2f) . The continuous and rapid microtubule motion driven by Dyn2 motor (Fig. 2d ) differs from the erratic and slower (~70 nm/s) motility reported for a partial dynein-2 complex purified from HEK cells 30 . The absolute velocity and concentration dependence of microtubule movement varied with buffer type and ionic strength ( Supplementary Fig. 1c ), a phenomenon that is likely to have contributed to the slower velocities reported earlier 30, 31 . Together, these data reveal that Dyn2 motor powers fast microtubule movement in monomer ensembles.
Dimerization inhibits dynein-2 ATPase and motility
We next tested if motor domains within dynein-2 dimers influence one another's activity. Cytoplasmic dyneins have shown great plasticity as dimers, retaining motor function when the N-terminal tail is replaced with a variety of dimerizing moieties [39] [40] [41] [42] [43] [44] , such as glutathione S-transferase (GST), coiled coils, FRB-FKBP, and DNA. We therefore dimerized Dyn2 motor using GST ( Fig. 1b) , enabling comparison to well-studied GST cytoplasmic dynein-1 constructs. As expected, GST-Dyn2 motor was a stable dimer ( Fig. 3a-c) .
Strikingly, dimerization inhibited, rather than stimulated, the motility and ATPase activity of Dyn2 motor . The maximal rate of microtubule gliding was reduced to 242.1 ± 4.2 nm/s, while the concentration dependence of movement remained similar ( Fig. 3d) . In ATPase assays, the basal rate of hydrolysis by GST-Dyn2 motor was 0.9 ± 0.1 ATPs per second. GST-Dyn2 motor ATPase was only minimally activated by microtubules, saturating at a maximal rate of 1.9 ± 0.3 ATPs per second ( Fig. 3e) . Thus, dimerization perturbs the response of Dyn2 motor to its allosteric activator, the microtubule. Control experiments revealed that GST per se is not responsible for the repressed motility of GST-Dyn2 motor (below). These results indicate that GST-Dyn2 motor behavior arises from interactions between its two motor domains.
Imaging at the single-molecule level revealed that GST-Dyn2 motor bound transiently to microtubules in the presence of ATP, typically dwelling for less than a second per encounter, without undergoing measurable movement (Fig. 3f) . This behavior differs from the robust a r t i c l e s processivity of S. cerevisiae dynein-1 GST dimers 39 , being more akin to that of dynein-1 from mammals 38, 42, 45, 46 . In summary, we conclude that pairing two dynein-2 motor domains substantially inhibits their enzymatic and microtubule gliding activities.
Dynein-2 dimers adopt a stacked conformation
To gain insight into how the two dynein-2 motor domains influence each other's activity, we examined the structure of GST-Dyn2 motor using singleparticle negative stain EM. In the presence of ATP, GST-Dyn2 motor molecules displayed a distinctive 'stacked' conformation ( Fig. 4a,b) , in which the AAA+ rings of the two motor domains are closely apposed ( Supplementary Fig. 2c ). This appearance recalls the compact "phi particle" shape observed for cytoplasmic dynein-1, which is a putatively inhibited state 38, 46, 47 (Supplementary Fig. 3d ). Protruding from dynein-2's AAA+ rings, the coiled-coil stalk and globular microtubule-binding domain at its tip are visible ( Fig. 4a) . Invariantly, the stalks cross each other at a fixed angle, intersecting at a distance one-third along their length (Supplementary Video 2). Given the inherent flexibility of dynein's stalk, these observations indicate an interaction between the coiled coils at the crossing site.
Stacking of GST-Dyn2 motor was nucleotide dependent. In the absence of nucleotide, or in ADP conditions, the AAA+ rings were separated, exhibiting a wide range of motor-motor distances ( Fig. 4b,  Supplementary Fig. 2a,c and Supplementary Video 2), in contrast to the sharp distribution of low motor-motor distances characteristic of stacking in ATP conditions. Stacking was also observed in the ADP.Vi (vanadate) state, mimicking the ADP.Pi state ( Fig. 4b and Supplementary Fig. 2a,c) . The linker-the main mechanical element of dynein-is straight in the no-nucleotide and ADP states, but bent in the ATP and ADP.Vi states 20 , raising the possibility that stacking is promoted by a bent linker.
Stacking of GST-Dyn2 motor in ATP was almost entirely abolished by the addition of 500 mM salt ( Fig. 4b and Supplementary Fig. 2a,c) , suggesting that the stacking interface has an electrostatic component and is comparatively weak. In line with a weak interaction, spontaneous stacking between Dyn2 motor monomers was not observed at the nanomolar concentrations of our EM experiments ( Fig. 2c) . However, after dimerization, which holds the Dyn2 motor protomers at a high local concentration >0.2 mM (derived from their maximum separation of a r t i c l e s 30 nm in unstacked molecules), the large majority of molecules are stacked, with only a small subset showing large motor-motor separation (Supplementary Fig. 2c ). These data indicate that (1) in ATP conditions, the majority of dynein-2 motor domains adopt a stacked conformation, and (2) stacking is metastable and may be influenced by external cues.
The linker and stalk are trapped at the stacking interface
We next determined the spatial arrangement of the two dynein-2 motor domains in the stacked configuration, exploiting our EM data and the availability of a crystal structure of a monomeric dynein-2 motor construct 31 . Although dynein-2 has only been crystallized as a monomer, it is in the ADP.Vi state. As the linker domain is bent in this state, we predicted it to be capable of forming the stacking interface ( Fig. 4b) .
Moreover, while monomeric dynein-2 motors do not stack spontaneously in solution, the high effective concentrations during crystallization might promote formation of the stacking interface, analogous to the high local concentration within GST-Dyn2 motor dimers. We therefore searched the crystal lattice, and found pairs of dynein-2 monomers that quantitatively resemble the stacked molecules we observed in isolated GST-Dyn2 motor dimers ( Fig. 4c, Supplementary  Fig. 3c and Supplementary Video 3) .
The major interface between the paired dynein-2 motors involves the linker domains ( Fig. 4c) . It features a cluster of side chain contacts between the linkers at their distal tips, and an interaction between the fourth AAA+ module (AAA4) in the ring and the linker near its hinge. Additional inter-motor contacts occur between the AAA5 modules at their helix 2 and β-hairpin insert, and between the coiled-coil stalks as they cross, consistent with our EM analysis. Contacts are detailed in Supplementary Figure 3b . The CTDs are located opposite to the interface, and do not interact. This architecture contrasts with the existing model of autoinhibition in dynein-1, which evokes an interaction between motors through their CTDs 38 (Supplementary Fig. 3a) .
To test if linker-mediated interaction is responsible for the stacked dynein-2 conformation observed by EM, we mutated to alanine three charged or polar amino acids at the linker-AAA4 interface (Fig. 5a,b) . Specifically, we targeted linker residues predicted to hydrogen bond with AAA4 (D1406, Q1407, and R1410). The resulting construct (GST-Dyn2(DQR) motor ) remained dimerized, but stacking was almost completely abolished ( Figs. 4b and 5c and Supplementary  Fig. 2b) . The motors displayed a wide range of separations, with a distribution similar to that of the parental wild-type construct in nonucleotide or ADP conditions (Supplementary Fig. 2c ). Quantitative comparison shows that linker-mediated stacking not only matches the dynein-2 EM data ( Supplementary Fig. 3c) , but also provides a similarly strong match to class averages of the dynein-1 holoenzyme phi particle (Supplementary Fig. 3d) . Thus, the stacked arrangement of dynein-2 motor domains in GST-Dyn2 motor is strikingly similar to that of dynein-1 motor domains natively dimerized by the tail. These data indicate that the linker-mediated interaction may be ancient and conserved, predating the ancestor of dynein-1 and dynein-2. We conclude that paired dynein-2 motor domains stack via an interface involving their main mechanical element-the linker domain.
Untrapping dynein-2's linker and stalk rescues ATPase and motility
Inspection of Dyn2 motor stacking indicates incompatibility with dynein motility at three levels (Fig. 4d) . First, the linker-dynein's mechanical amplifier-is not free to move, being trapped in the bent conformation at the interface between the motor domains. The linker's critical docking site at AAA5 is also directly occluded 36 . Second, the two microtubule-binding domains point in opposite directions, meaning that they could not engage the microtubule simultaneously, as proposed 38 . Finally, consistent with our EM analysis, the coiled-coil stalks interact at their crossing point. This contact is likely to restrict intra-coiled-coil helix sliding in the stalk, which canonically mediates communication between dynein's ATPase and microtubule-binding sites, and is essential for mechanochemistry 48, 49 .
If linker-mediated stacking is the basis for inhibition in GST-Dyn2 motor dimers, then disrupting the stacking interface should a r t i c l e s rescue motility. Restoration of activity in a GST dimer would also demonstrate that GST per se is not responsible for inhibition. We therefore determined the motile behavior of the unstacked GST-Dyn2 (DQR) motor mutant. Importantly, the DQR substitution had little or no impact on dynein-2 motility and ATPase in the context of a monomer, showing that the mutations do not intrinsically affect motor activity (Supplementary Fig. 4c,d) . However, in the context of a dimer, the unstacking DQR mutations had a significant impact. The maximum velocity of microtubule gliding increased to 562.2 ± 4.7 nm/s (Fig. 5e) , restoring it to the level of the Dyn2 motor monomer (Fig. 2e) . The ATPase of GST-Dyn2(DQR) motor was elevated to a maximal rate 4.1 ± 0.2 ATPs per second at saturating microtubule concentrations (Fig. 5d) , again similar to the level of Dyn2 motor . As expected from the concentration dependence of microtubule gliding (Fig. 5e) , measurably processive movement by GST-Dyn2(DQR) motor single molecules was extremely rare. However, the landing rate of GST-Dyn2(DQR) motor on the microtubule was elevated relative to GST-Dyn2 motor (Fig. 5f) , consistent with the availability of its microtubule-binding domains. Together, these findings indicate that linker-mediated stacking is responsible for the inhibition of dynein-2 dimers; furthermore, they suggest that rupture of linker stacking activates dynein-2 to a level comparable to the isolated motor domain.
Linker-mediated inhibition facilitates dynein-2 transport by Kif3
What might be the role of linker-mediated stacking of dynein-2 in IFT? One possibility is that it provides the basis for dynein-2 to be targeted to the tip of the cilium by kinesin-II in a switched-off state-a phenomenon that has been long suspected but never tested or rationalized 1 . To test this notion, we built a multimotor assembly of dynein-2 and kinesin-II. Pioneering studies in Chlamydomonas indicate that IFT motors are linked together in vivo by linear arrays of ~22 different proteins (the IFT-A and IFT-B complexes) [50] [51] [52] . However, IFT trains tend to fall apart during purification from cilia 50 and vary in length 26 , so motor composition is not preserved or controlled following isolation, while recombinantly expressed IFT subcomplexes have not formed arrays, even at high concentrations 53 . Thus, native proteinbased methods have been unable to systematically assemble multiple IFT motors in vitro.
To obtain control over the composition of dynein-2 and kinesin-II per assembly, we used a synthetic-biology-inspired approach, and coupled them via a programmable DNA origami chassis 54 (Fig. 6a) . For kinesin-II, we developed a Kif3 construct with a C-terminal SNAP f tag, yielding an active motor that can be labeled with singlestranded DNA (Supplementary Fig. 5 ). For the chassis, we used a 12-helix DNA bundle design, in which a specified number of singlestrand sequences project from one of its helices 54 . These 'handle' sequences serve as specific attachment sites for DNA-labeled Kif3 or dynein-2. Use of three attachment sites per motor facilitates comparison with similar cytoplasmic motor assemblies 54 . The dimensions of the DNA structure (225 nm×14 nm) approximate that of an IFT train 27 (Fig. 6b) . We refer to these IFT motor-DNA assemblies herein as synthetic 'trains' .
In the absence of dynein-2, trains bearing human Kif3 motors bound to and traveled along microtubules toward the plus end with a mean velocity of ~600 nm/s (Fig. 6c) , similar to Kif3 from other species 10 , slightly slower than single human Kif3 motors ( Supplementary  Fig. 5f) , and within the range of anterograde IFT velocities reported in vertebrate cilia 29 . Notably, upon addition of GST-Dyn2 motor , train movement remained uniformly plus-end directed (Fig. 6c) . Trains exhibited a range of speeds, with peak velocities similar to those of trains bearing Kif3 alone, and a tail of slower velocities (Fig. 6d) . The latter may reflect stochastic unstacking and activation of GST-Dyn2 motor (Fig. 4b, top right) . The uniform train movement toward the plus end distinguishes IFT motor assemblies from those with Saccharomyces cerevisiae dynein-1 and human kinesin-1, in which most events were minus-end directed or stalled in a tug-ofwar 54 . These results indicate that GST-Dyn2 motor provides little resistance to Kif3, resulting in transit of both motors to the plus end of the microtubule. To determine if linker-mediated inhibition facilitates GST-Dyn2 motor transport as a cargo of Kif3, we replaced it with GST-Dyn2(DQR) motor -the mutant deficient in linker-mediated inhibition. In comparison to GST-Dyn2 motor , GST-Dyn2(DQR) motor a r t i c l e s severely retarded train motility. Movement remained plus-end directed, but most trains were brought to a virtual standstill, with velocities <150 nm/s (Fig. 6c,d) . Thus, we conclude that linkermediated inhibition prevents dynein-2 motors from conferring strong resistance to Kif3, enabling efficient transit of both motors to the plus end of the microtubule. Finally, we asked if teams of dynein-2 motors could power processive minus-end-directed movement when coupled on a train. The precise number of motors per IFT train in vivo is uncertain, with fluorescence 13,55 and force-based 56 estimates ranging between 4 and 40. We found that, in vitro, synthetic trains with three attachment sites for GST-Dyn2 motor or GST-Dyn2(DQR) motor exhibited processive movements infrequently (not shown), as did assemblies with seven GST-Dyn2 motor sites (Supplementary Fig. 6b) . In contrast, trains with seven GST-Dyn2(DQR) motor sites displayed robust processive movement toward microtubule minus ends, with an average and maximal velocity of 334.0 ± 4.7 (± s.e.m.) and 572.1 nm/s respectively (Fig. 6e) . The mean travel distance was 3.5 ± 0.2 microns (± s.e.m). These results suggest that when teams of dynein-2 motors are activated by untrapping their linkers and stalks, they power continuous movement over distances comparable to the length of a primary cilium.
DISCUSSION
Using purified human proteins, mechanochemical assays, EM, and synthetic-biology-inspired engineering, we have obtained insights into dynein-2 activity significant for understanding the molecular mechanism of IFT. First, monomeric dynein-2 motor domains are capable of driving fast microtubule gliding in vitro, approaching the velocities of retrograde IFT in vertebrate cells 29 . Second, the motility and ATPase of dynein-2 motor domains are inhibited upon dimerization (their natural oligomeric status). Third, within dimers, dynein-2 motor domains tend to associate via an interface that traps their linker domains and crosses their microtubule-binding stalks, shutting down their activities. Fourth, mutations that disrupt this entrapment activate dynein-2 dimers, restoring their ATPase and motility while causing them to strongly resist kinesin-II.
We integrate these data and previous studies into a model for dynein-2 regulation, which enables efficient cycles of IFT (Fig. 7) . We propose that following its synthesis and dimerization in the cytosol, dynein-2 intrinsically adopts the inhibited configuration. In this switched-off state, with its linkers trapped and stalks crossed, dynein-2 is loaded onto anterograde IFT trains near the base of the cilium. It is then transported as a passenger to the ciliary tip by kinesin-II. Proximal to the tip of the cilium, a localized signal activates dynein-2. A key feature is the disruption of the inhibitory interface we define, unshackling dynein-2's mechanical and track-binding elements. This enables them to power the return transport of turnover products, IFT machinery, and signaling molecules out of the cilium 2 , completing the IFT cycle. This model applies to the force-generating heavy chains of dynein-2. Its associated subunits may be labile, associating and dissociating from the complex, giving rise to distinct dynamics 57 . In essence, dynein-2 is naturally in an off state.
One role of linker-mediated inhibition in dynein-2 may be to limit futile ATP hydrolysis, akin to that of other cytoskeletal motors 58 . However, we find that the ATPase of dynein-2's motor domain is comparatively low. Thus, we suggest that a major function of linker-mediated inhibition in IFT is to prevent interference and a tug-of-war between dynein-2 and kinesin-II 59 , which would impair anterograde delivery of cargoes and clog the confined space between the axoneme and ciliary membrane.
Point mutations in dynein-2 are associated with Jeune asphyxiating thoracic dystrophy and short rib polydactyly 19 . Morphologically, loss of dynein-2 function is associated with stumpy cilia with accumulations of IFT particles at their tips 16, 17 . Mutations that constitutively activate dynein-2, but maintain anterograde IFT train attachment, may have an even more severe impact in vivo by disrupting anterograde IFT and kinesin-II, both of which are vital for ciliogenesis.
The mechanism of dynein-2 autoinhibition identified by this work may be tuned by cellular factors. We interpret our EM data and the residual gliding and microtubule-stimulated ATPase activities of a r t i c l e s GST-Dyn2 motor to reflect an equilibrium between inhibited and active forms 38 . This balance could be tuned by anterograde IFT train attachment, the dynein-2 tail, or its associated subunits. It was recently discovered that within Chlamydomonas cilia, anterograde IFT occurs on the B-tubule of the doublet, whereas retrograde transport is on the A-tubule 27 . The tubulin subunits within each tubule are enriched with distinct post-translational modifications 60 , and those on the B-tubule could tune dynein-2's microtubule interactions during anterograde IFT. Our findings that association between dynein-2 motor domains traps their linker domains, occludes the linker-docking site on AAA5, and crosses their stalks provide a mechanistic basis for inhibition. It differs from the existing model for cytoplasmic dynein-1 autoregulation, which holds that motor domains associate into a phi particle via their CTDs, leaving their linkers free to move on the periphery of the dimer. While it is possible that dynein-2 uses a different autoinhibitory interface to dynein-1, we favor the conclusion that the linker-mediated mechanism is conserved in both dynein classes. First, we find that the chemistry of key amino acids in the linker-mediated interface is conserved between dynein-2 and dynein-1 (Fig. 5b) . A notable exception is found in S. cerevisiae dynein-1, which is a constitutively active motor. Second, the linker-mediated interaction explains the observed nucleotide dependency of the phi particle architecture 38 , as it is only sterically possible when the linker is bent. Finally, the atomic model of dynein-2 in the inhibited form provides a compelling match to images of the cytoplasmic dynein-1 phi particle. Thus, linker-mediated inhibition serves as a model for all autoregulated dynein dimers. At ångström resolution, because the stacking model derives from ADP.Vi dynein-2 in crystallo, minor differences might be expected compared with dynein-2 in solution; crucially, however, our structure-guided mutagenesis shows that the linker-mediated interaction is fundamental to stacking and autoinhibition.
Our results sharpen focus on the mechanisms of dynein-2 activation and IFT train turnaround at the ciliary tip, which have been visualized at the fluorescence microscopy level in situ 2 . They suggest that a key step in dynein-2 activation is rupture of the linker-mediated interface we define ('untrapping'). In addition, IFT train turnaround at the ciliary tip requires kinesin-II deactivation and/or detachment 1 . Kinesin-II deactivation may be achieved by an intramolecular interaction between its tail and motor domains 58, 61, 62 . Detachment of kinesin-II from the IFT train, while not occurring in all cilia, is reported to arise from direct phosphorylation of one of the kinesin heavy chains in Chlamydomonas 63 . In a related manner, dynein-2 could be activated by direct post-translational modification of its inhibitory interface, for example, phosphorylation by a tip-localized kinase. Indeed, serine and threonine residues lie at the interface (Supplementary Fig. 3b ), although they are not highly conserved. Our favored alternative is a 'train-centric' model for dynein-2 activation. Here, the reported 'remodeling' of the IFT train at the ciliary tip 64 would create a distinct binding site for dynein-2 that forces apart and re-orients its motor domains, analogous to cytoplasmic dynein-1 binding to dynactin 65, 66 . A difference between the motor-centric and train-centric IFT models is that in the former, each dynein-2 complex would need to reach the ciliary tip in order to receive the activating signal, whereas in the latter, only the train would have to reach the tip, and individual dyneins could exchange between trains, being locally activated on those that have been remodeled. Single-molecule imaging of dynein-2 heavy chains within cilia could help to distinguish between these models. These activating steps would occur downstream of the major conceptual event arising from this work: namely, dynein-2 being carried to the ciliary tip by kinesin-II in an inhibited state, with its mechanical elements trapped and stalks crossed (Fig. 7) . For cytoplasmic dynein, a conserved inhibitory architecture is likely to control the motor's many functions in vesicle trafficking, virus transport, mRNA localization and chromosome segregation, which can be investigated using the interface residues established here.
METHODS
Methods, including statements of data availability and any associated accession codes and references, are available in the online version of the paper. Figure 7 Model for dynein-2 regulation during IFT. Dynein-2 is carried in an autoinhibited state, with its linkers trapped and stalks crossed, toward the tip of the cilium on an IFT train (blue), together with cargoes essential for ciliary growth, maintenance, and function (not depicted). The IFT train is propelled by kinesin-II (orange) along the microtubule doublet. At the ciliary tip, cargoes are unloaded, the IFT train is remodeled, and kinesin-II is inhibited (or detached). Dynein-2 is activated (lightning symbol) by untrapping of its linker and stalk, unleashing the activity of its motor domains to power return transport of the IFT train, along with cargoes destined for the cell body. See main text and references therein. Single-molecule assays were prepared similarly for steps 1-2, except washes were performed with B80-T buffer (80 mM PIPES [pH 6.9], 2 mM MgCl 2 , 1 mM EGTA, 1 mM DTT, 20 µM taxol). Then, chambers were incubated with: 3) 0.25 µM Alexa-488, biotinylated microtubules for 2 min, followed by two washes with B80-T supplemented with 1 mg/ml casein; 4) 0.1-10 nM of TMRlabeled motor protein in assay solution (B80-T with supplements as above). DNA origami experiments were performed in the same way, except a modified buffer (50 mM Tris [pH 8.0], 2 mM MgCl 2 , 1 mM EGTA, 1 mM DTT, 20 µM taxol, 100 mM KCl) was used to minimize non-specific interactions between DNA and the PEG coverslip, and the final assay solution contained 30-100 pM chassismotor complex and Kif3-Alexa647 as a marker of microtubule polarity. Velocities and durations of microtubule association were calculated from kymographs generated in FIJI 72 . For dwell time analysis, microtubule associations ≥ 90 ms (3 frames) were analyzed. Dwell time data were fit with a single exponential decay. For microtubule gliding experiments, microtubules <25 µm were analyzed. Gliding data were fit to the following equation: V obs /V max = 1 − (1 − f) C where V obs and V max are the observed and maximal velocity of the microtubule respectively, C is the motor concentration and f expresses the dependence of V obs on motor concentration 73 . Graphing, curve fitting and statistical analysis were performed in Prism5 (GraphPad) and R with the ggplot2 74 package.
Electron microscopy. Dynein samples were diluted to 50-75 nM in EM buffer (50 mM Tris [pH 7.5], 150 mM K-acetate, 2 mM Mg-acetate, 1 mM EGTA, 1 mM DTT) supplemented with 1 mM nucleotide and 500 mM KCl as indicated. DNA origami was diluted to 7.5-10 nM in EM buffer or mixed with a sixfold molar excess of oligonucleotide labeled dynein-2 for 30 min and diluted tenfold in EM buffer. Samples were prepared for electron microscopy by either adding 4 µl of specimen directly onto a glow-discharged continuous carbon grid (Electron Microscopy Sciences) or by pipetting ~4 µl of 2% uranyl acetate, a small air gap and then ~4 µl of sample into a single tip and depositing the contents onto the EM grid. Grids were then stained in three sequential drops of 75 µl 2% uranyl acetate, blotted and air dried. For DNA origami, grids were washed in three 75 µl drops of EM buffer following sample application to remove glycerol before staining.
Micrographs were acquired using a Tecnai T12 microscope (FEI) operating at 120 kV with a tungsten electron source and a 4k × 4k CCD camera (Gatan US4000). The nominal magnification was 52,000× for DNA-origami or 67,000× for dynein specimens, giving a sampling of 2.09 and 1.64 Å/pixel at the object level respectively. Images were collected with a dose of 20 − 30 e -/Å 2 and a nominal defocus of −1 µm. For dynein images, single particles were picked from the micrographs manually in RELION 75 and CTF corrected by phase flipping using RELION and CTFFIND3 software 76 . Particles were binned by 2 for subsequent processing, windowed into 200 × 200 pixel boxes, band-pass filtered (10 Å-450 Å) and centered in Imagic 77 .
For measurement of the motor-motor separation, images of dynein dimers were subjected to several rounds of classification and multi-reference alignment in Imagic resulting in classes containing an average of 10 images. The distance between centroid positions of the two motor domains in each class average was measured using Boxer 78 .
For computational comparison between EM class averages of dynein and the dynein-2 crystal structure model 31 (PDB 4RH7 all steps were carried out in SPIDER 79 . The crystal structure was low-pass filtered to 30-40 Å. The resulting maps were then projected with an angular sampling of 5.5° and a −1 µm defocus CTF applied. The projections were aligned to each class average and scored by cross correlation to identify the best matching projection. Crystal structures were displayed using The PyMOL Molecular Graphics System (Version 1.7 Schrödinger, LLC) and UCSF Chimera software 80 .
Data availability. Source data underlying the graphical representations used in Figures 2e,f, 3d-f, 5d-f and 6c-e are available with the paper online. Coordinates for the linker-stacking model, derived from PDB 4RH7, are available as Supplementary Data Set 1. Other relevant data are available from the corresponding author upon reasonable request.
